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ABSTRACT

When using automated fibre placement, gaps and overlaps are inevitable. In thermoset
materials, the autoclave treatment can negate some of the effects, when using thermoplastic
materials with in-situ consolidation, the effects stay in place. Hence it is necessary to measure
the resulting overlaps during production and, if possible, reduce them. This work compares the
profile measurement of on-purpose overlaps via an laser line scanner mounted on the robot and
optical microscopy. It is shown that the laser line scanner can measure the overall waviness
well, but not the surface roughness of the material. To reduce the effect of overlaps, an
additional repassing step is also analysed in this work. This repassing step involves heating up
the substrate to the melting temperature and applying pressure right after using the compaction
roller. Repassing does seem to reduce the magnitude of the overlap, in a similar way as to add
another layer.

1. INTRODUCTION

Automated Fiber Placement (AFP) with in-situ consolidation with the HUMM3 pulse lamp as
heat source allows for the automated production of thermoplastic composites without the high
variably coming from hot air and safety requirements from lasers. However, the occurrence of
gaps and overlaps is unavoidable, leading to a non-smooth, wavy surface. This resulting wavy
surface potentially compromises the quality of the follow-up joining step, for example welding
or adhesive bonding.

In general, gaps and overlaps can be classified as planned and unplanned. The planned gaps or
overlaps happen when laying down constant-angle tows on doubly curved surfaces or using
fibre steering on developable surfaces. As a result, tows diverge or converge leading to either
gaps or overlaps respectively. Unplanned gaps/overlaps occur due to inevitable inaccuracies
during placement: the tape width is not always exactly the expected width, the tape may not be
in the centre of the roller, and the robot is not always exactly where it should be. While all these
sources of inaccuracy are expected to be well below 1 mm in size [1], when laying down 6.35
mm (quarter-inch) tapes, it is a significant relative size, and this type of gaps/overlaps cannot
be avoided. Another source of unplanned defects specially in thermoplastic is the variability of
the raw material even within the same spool. Introducing pressure and heat at high rates when
there is an irregular fiber and matrix distribution leads to irregular geometric variations on the
placed tape [2].

From earlier work done using thermoset material, it is known that, in an autoclave, the waviness
of the plies is reducing as we lay down more layers [3]. When a caul plate is used, both upper
and lower surface can be smooth, completely eliminating the effect of gaps and overlaps on the
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outer surface [4]. Also, during placement of thermoset or thermoplastic materials, it is
noticeable that the gaps/overlaps become less pronounced, leading to reduced out-of-plane
waviness. When using thermoplastic material with in-situ consolidation there is no autoclave
treatment to reduce the out-of-plane waviness occurring during the placement. Hence, it needs
to be measured accurately.

When focusing on thermoplastic materials, the reason for the reduced out-of-plane waviness
when more layers are added is unclear. One option is that the substrate is being deformed while
the next layer is placed: the substrate is heated above the melting temperature and pressure is
applied by the roller, which could lead to squeeze flow to reduce the out-of-plane waviness.
Another option is that due to the difference in the substrate waviness, the pressure distribution
on the newly-placed tow is different, and it conforms partially to the shape below.

This research focuses on studying the out-of-plane waviness of the substrate: first measuring it
using a laser line scanner mounted on the robot and validated with an optical microscope, then
on a possible way to reduce this out-of-plane waviness. This study will be done by purposefully
introducing an overlap to a stack of AFP placed tapes, and studying the effect of repassing
[5,6], which means that the substrate is passed over with the HUMM3 on and the roller applying
pressure, but no material is being placed down. Hence, the substrate can deform but no material
is laid down, allowing us to study the deformation of the substrate during placement. First the
experiments are explained in section 2, after which the post-processing is detailed in section 3,
where 2 measuring methods are compared. In section 4 the resulting waviness is presented and
discussed. Finally, section 5 provides the conclusion.

2. EXPERIMENTAL METHOD

The experiments were performed at SAM XL, using a KUKA KR 210 R2700 robot equipped
with the pulsed light HUMMS3 as heat source. This set-up was used to manufacture
thermoplastic specimens made of unidirectional carbon fiber LM-PAEK tows of 6.35mm
width. Based on previous experience, we set the HUMM3 process parameters to a voltage of
170 V, a pulse width of 3 msec and a pulse frequency of 60 Hz. The processing speed was 40
mm/sec, and the achieved nip point temperature was close to 380 °C. A compaction force close
to 250 N was used.

Figure 1: AFP setup for used for the experiments.
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To study the influence of the substrate, a dedicated experiment was set-up. To reduce the
influence of the metal table, which could act as a heat sink and influence the cooling rate, a
substrate of LM-PAEK was used, on which one layer made of 3 tows was placed that could be
peeled of easily after the full placement. All tows were placed with a 0° fiber orientation, and
each layer was staggered by half width. In total, three lay-ups were used:

Type 1: Only the lay-up of two tows (layer 2) with a deliberate overlap of 1 mm
Type 2: Lay-up of the two tows (layer 2), with a deliberate overlap of 1 mm and one repass

Type 3: Lay-up of the two tows (layer 2), with a deliberate overlap of 1 mm and one
additional tow on top, without a repass in between

Layer 3
Layer 2 1mm overlap + repassing
Layer 1 No overlap

Figure 2: Schematic representation of Type 3 layup sequence. For Type 1 and 2, the Layer 3 is removed.

Right after placement, the laser line scanner Microepsilon 3060-25 mounted on the AFP head
is used to measure a predefined location while the robot is stationary, as shown in Figure 1. To
validate the results of the laser line scan, the optical microscope Keyence VR5000 was used to
measure the exact predefined location. This way, it can be checked how accurate the readings
of the laser line scanner are, since the optical microscope is a time-consuming post-processing
step, while the laser line scanner is already part of the AFP set-up at SAM XL. Hence the data
from the laser line scanner can be used for (near) in-line quality control, if they are proven to
be of sufficient quality. Of each type, 3 specimens were made, and for each specimen 3
locations were measured: close to the start, in the middle and close to the end.

3. POST-PROCESSING

The laser line scanner measures the reflections originated from its laser source and reflexed on
the carbon fiber tape. Being carbon black, this results in a reduced number of reflections and a
relatively noisy dataset even with high exposure time of 10ms. The first step in the post-
processing is therefore to smooth the dataset. The data received from the laser line scanner is
not smooth, as can be seen in Figure 1. Looking at this figure, we observe two levels of
waviness: low-frequency changes over the complete width, which we will refer to as waviness;
and high-frequency changes, which we will refer to as roughness going forward. Data from the
laser line shows a high roughness on the tape while, in reality, that is not physically expected
to be that high. Furthermore, there are also some outliers, like the point at the start where the
thickness goes to almost zero for one measurement. This should be filtered out to obtain a
realistic measurement that is not too influenced by single outliers, which can happen using a
laser line scanner.

To smoothen this result, multiple filters were used, but ultimately the median filter, which takes
the median of a number of measurements before and after the point in question, was found to
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lead to the best result. This gave a good compromise between capturing the overall waviness,
while still leaving some of the roughness. The obtained smoothened curve can be seen in Figure
2, showing the thickness along the width of the profile for the Type 1 experiments.
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Figure 1: Laser Line dataset before smoothing.
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Figure 2: Laser Line dataset after smoothing.

After the laser line scans, the same tapes were also put under the optical microscope to check
the accuracy of the laser line scans. The side-by-side result can be seen in Figure 3 for the Type
1 experiments. For the laser line scan, it has to be noted that the first 2 mm show some outlier
results, leading to a shift of 0.2 mm in z-values for the thickness. When taking that offset into
account, it can be observed that the main trends are well captured by the laser line scan, with
the peak around 14 mm, and the smaller peak at around 10 and 16 mm clearly visible. This
result shows that the laser line scans can be used to detect the overlaps and the waviness. The
results of the roughness showed that the laser line scanner is not accurate enough to give an
accurate roughness measurement.
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Figure 3: Result from the optical microscopy (left) and the laser line scan (right).
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4. RESULTS AND DISCUSSION

The smoothed laser line results of the three types of lay-up defined in section 2 are shown in
Figure 4, Figure 5 and Figure 6. The part of the scan that is believed to be layer 1 is shown in
red, the part that is layer 2 is shown in green and the part that is the third layer (only for Type
3) is shown in purple. Furthermore some horizontal lines are drawn at the location where the
‘average’ thickness of the different layers is.

An overall observation for all three types is that the individual layers are not seen as sudden
jumps but rather transitions over a short range. This is an indication that the tapes do deform
during placement and become more trapezoidal rather than rectangular after placement. This
is mainly important to keep in mind when there are ply drops involved: the side already being
under a certain angle is an advantage compared to a sudden jump in thickness when a ply has
to be draped over.

When studying Figure 4 which shows a Type 1 sample (where the second layer consists of two
tows with an intentional overlap) it can clearly be seen that there is an overlap in the middle of
layer 2. Surprisingly, there seem to be two more smaller overlaps on either side of the actual
overlap. The reason for these is unclear, but could be due to unintentional overlaps in layer 1,
occurring due to the tape widening during laydown. As layers were placed staggered from each
other by half a tape width and the robot should have shifted by the tow’s width for each tow of
layer 1, then this widening of the thermoplastic tape is the expected cause. Yet the reason for
the left overlap to be slightly higher than the right overlap is not clear. It is interesting to observe
that the height of the overlap is smaller than the ‘new’, on-purpose Imm overlap occurring in
layer 2. This indicates that when more layers are placed down, the height of the overlap is
reducing, and thus the out-of-plane waviness in the following layers is reduced.

Sample 1_1B — Layer Detection (2 layers)
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Figure 4: Annotated result of a representative sample of Type 1.

When observing Figure 5 which shows a Type 2 sample (where the second layer consists of
two tows with an intentional Imm overlap that has been repassed) it can be seen that the
overlap is not as clearly visible as without repassing. There is no clear bump in thickness like

5
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in Figure 5, rather there are two relatively wide regions where the thickness is increasing and
decreasing on the left-hand-side of the second layer, and the thickness of the right-hand-side
of the tape is relatively constant.

Sample 2_2B — Layer Detection (2 tape layers)
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Figure 5: Annotated result of a representative sample of Type 2.

When observing Figure 6, which shows a Type 3 sample (where a third layer has been added
on top of the intentional overlap of layer 2) it is observed that there is one clear location of the
overlap visible. It is also noted that the visible part of layer 1 and 2 are clearly defined and have
a constant thickness. This indicates that adding layers on top of overlaps reduces the out-of-
plane waviness of already-placed layers.

Sample 3_1A — Layer Detection (3 tape layers)
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Figure 6: Annotated result of a representative sample of Type 3.
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When comparing the samples of type 1 and 2 to each other, it is observed that the overall level
of waviness of the second layer has become lower, and the sudden change in thickness observed
for Type 1 is no longer seen in Type 2, where a more gradual change in thickness is observed.
As these are two different samples, it is hard to draw strong conclusions as there is some
inherent variation in the tape width and laydown quality as well. However, the result is in line
with expectations that repassing makes the laminate less wavy.

Figure 7: example of the outcome of the confocal microscopy performed.

By using the confocal microscope, it was found there are no voids between tape layers across
all specimen types. This confirms that the measured surface waviness is a geometric feature
due to the overlaps and not associated with the occurrence of voids during the AFP process.
Additionally, the appearance of the cross-sections across specimen types was found to be
similar. Also this measurement is consistent with the finding that repassing and adding a layer
produce comparable geometric outcomes.

When comparing all three results, there are indications that the effect of overlaps reduced as
more layers are placed. For Type 1, the unintentional overlaps in layer 1 are thinner (roughly
70 um), and also in Type 3 (roughly 90 pm), the height of the overlap is smaller than the height
of the intentional overlap in layer 2 observed in Type 1 (roughly 100 pm). Similarly to adding
a layer, the height difference in Type 2 after only a repass (roughly 80 um) is lower than the
one without repass in Type 1. Another observation is that the original 1mm overlap is largely
oversized in all trials, averaging about 2.5mm, most likely due to the tape expansion.
Nevertheless, the height differences observed are limited and only offer an indication of what
is happening, more repetitions would be necessary to confidently draw conclusions.

5. CONCLUSION

Gaps and overlaps in composites have an impact on the out-of-plane waviness of consecutive
plies and consequently impairing follow-up joining methods. Yet with AFP, gaps and overlaps
are unavoidable, so it is necessary to understand how to measure them and, more importantly,
how to mitigate them. This work investigated the effectiveness of using a laser line scanner to
measure the overlaps; and the potential of repassing to reduce the overlap size and height. The
laser line scans were shown to capture the profile sufficiently well to measure the waviness,
but not the roughness of the tape. Based on the overall waviness, it was observed that repassing
does have a positive influence to mitigate it. Furthermore there are indications that the waviness
reduced as more layers are added, which should be the topic of future investigations.
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